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Outline
• Why TiAl alloys?
• TiAl: the good news and the bad news  
• Enhancing the high-T oxidation resistance of TiAl by 
fluorination techniques 
• Examples of practical applications 
• Conclusions
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Turbochargers
Automotive valves
TiAl alloys and their applications
• Lightweight materials (< 4 g/cm3)
• Good strength-to-mass ratio
• Good oxidation resistance to ~ 700°C
• Weight savings up to 50% compared with Ni-base alloys 
Turbine blades 
Gas turbine blades 
Cutaway view of GEnx jet engine
for the LP stage
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Problems at elevated temperatures (T > 700°C)
T > 700°C → poor oxidation resistance and severe oxygen embrittlement
Formation of a non-protective oxide scale (TiO2 + Al2O3) 
and high oxygen solubility → structural degradation
After oxidation in air 
at 1050°C for 1200 h
Temperature range required for advanced structural 
applications: 700° – 1050°C
Higher fuel efficiency → higher service temperatures
Prerequisite: formation of a protective Al2O3 scale 
TiAl substrate
Mixed oxide scale
(TiO2 and Al2O3)
TiAl turbocharger 
before oxidation 
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The solution: treatment of the TiAl surface using a halogen (F, Cl, Br, I)   
First observation of the halogen effect: 
DECHEMA, Frankfurt am Main, 1996 
Collaboration DECHEMA / HZDR: 1997 -
C
l
Al2O3
Oxidation: air, 900°C, 120 h
Mixed oxide
(TiO2 and Al2O3)
C
l
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t = 0 t ≥ 0
AlxCly TixCly AlxCly
Cl Cl Cl
(supersaturated)
TiAl
t > 0
After halogenation Beginning of oxidation During oxidation
TiCl2(g) + O2  TiO2(s) + Cl2 (G0900°C = - 496 kJ)
2 AlCl(g) + 1.5 O2  Al2O3(s) + Cl2 (G0900°C = - 1013.6 kJ)
p(AlX) >> p(TiX)
Preferential formation of a protective Al2O3 scale during high-T oxidation 
in air: the halogen effect
Al2O3
Cl Cl Cl
(reservoir)
TiAl
TiO2
void
AlCl   TixCly  AlCl
Cl Cl Cl
(supersaturated)
TiAl
Alumina protecive scale
TiAl
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Fluorination techniques for improving the high-T (> 700°C) 
resistance of TiAl alloys 
• Formation of a protective coating
followed by PIII of F 
Bulk material
• Chemical methods: purely surface treatment by
polymers spraying, HF-dipping, gas phase etc   
Bulk material
Bulk material
• Physical methods: near-surface modification 
by beam-line ion implantation (BLII) or plasma 
immersion ion implantation (PIII) of fluorine 
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Energetic ions
Host material
Efficient solution: ion implantation of halogens (notably fluorine)
Beamline ion implantation (BLII) Plasma immersion ion implantation (PIII)
1 m
No line-of-sight limitations → 
3D complex-geometry objects
Relatively simple equipment 
High dose rates → high throughput
Large-size/large-area components
Versatility 
1 m
Excellent research tool but: 
Line-of-sight limitations
Relatively low beam current densities → 
long implant times and high costs for 
high-dose applications  
Complex, bulky and expensive equipment
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CH2F2
Why CH2F2?
PIII of fluorine using a mixture of  difluoromethane + 25% argon 
(CH2F2/Ar) as the precursor gas
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PIII of F (30 kV, 6x1017 cm-2)
Unimplanted TiAl
Beamline impl. of F (30 keV, 2x1017 cm-2)
0 h 1200 h
1200 h0 h
1050°C
High-T oxidation behavior of as-received and F-implanted 
(BLII and PIII) turbocharger
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1 cm TiO2
crystals
Mixed
oxide
Al2O3 scale1 cm
4 cm
Surface treatment of TiAl by PIII of F: oxidation in air at 1050°C for 120 h 
Untreated                                                  F-treated (polymer)                               F-treated (PI³)
b ca
Oxide scale microstructure: as-received, polymer-sprayed and F-implanted TiAl alloy 
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Jet turbine blade made of a TNB alloy (SEM and EDX analyses)
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Mixed oxide
O Al
Ti
Nb
Formation of a stable, 
adherent and highly 
protective Al2O3 scale
Al2O3
(a) Unimplanted blade before oxidation 
(b)    Unimplanted blade after thermal cyclic 
oxidation in air at 720°C for 600 h 
(25 h testing)
(c)    The same blade after PBII of F 
(d)    F-implanted blade after thermal cyclic
oxidation in air at 720°C for 600 h 
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Necessary
conditions for
good oxidation 
protection: 
• Gaussian-type
fluorine profile
&
• Optimal F dose 
5×1017- 9×1017 cm-2
Relationship between F profile shape and degree of oxidation protection
After oxidation (air, 900°C, 25 days)
61017 cm-2
After oxidation (air, 900°C, 25 days)
21018 cm-2
Too high F dose → poor oxidation resistance and sample degradation
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31017 cm-2
Gaussian-type profile but
insufficient fluorine dose 
Optimal F dose → good oxidation resistance 
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After 100 h at 900°C
Fast-growing mixed oxide
After 100 h at 600°C
Loss of mechanical properties of a TiAl alloy as a function of oxidation 
temperature after 100 h of exposure (measured by 4-point bending test)
Protective alumina scale
Severe
embrittlement
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Fabrication of a protective coating to prevent oxidation and embrittlement
Two-step process:
Base alloy: GE 4822 (Ti-48Al-2Cr-2Nb) qualified for aeronautical applications
TiAl alloy
TiAl-based coating
48 50+
Al (at.%) 
Al-rich 
coating
x (μm)
1) Deposition of an Al-rich TiAl barrier layer
to separate the oxidation-sensitive 2 phase from 
the atmospheric oxygen (embrittlement activator)
2) PIII of F into the Al-rich coating to change 
the oxidation mechanism at high T relying on the 
halogen effect. 
Alternative fluorination by spraying a PTFE solution 
onto the coated blades followed by heat treatment.
Goal: long-term oxidation protection 
of TiAl alloys at T > 700°C while 
maintaining their mechanical
properties and structural integrity
Seite 16
Dresdner Werkstoffsymposium, 6. und 7. Dezember 2012, Dresden
Techniques for producing an Al‐rich TiAl coating
Combined deposition from a gas 
phase using Al+Ti-containing
precursors
CVD PVD HVOF
Coating composition: Ti-60Al
CVD apparatus at KWI 
DECHEMA (Frankfurt)
PVD apparatus at TUBAF 
(Freiberg)
Thermal spraying apparatus
at ATZ Development Center
(Sulzbach-Rosenberg) 
Physical vapor deposition by 
magnetron sputtering
Coating 
composition: 
Ti-62Al-5Cr-2Y
High-speed thermal spraying 
of a powder mixture
Coating composition:
Ti-51Al-2Cr-Nb
CVD PVD HVOF
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Parameter CVD PVD HVOF
Average coating 
thickness 
1 - 3 µm 2 - 5 µm 50 µm
Layer adhesion Good Very good Very good
Coating purity
Possible inclusion of 
precursor atoms 
(N, O, H, Cl…)
High High
Coating 
reproducibility Good Very good Very good
% of losses during 
deposition
High High Low
Ability to coat 
components of 
complex geometry
Very good Difficult (rotation
of component  
necessary)
Necessity to rotate
the spraying gun
Surface pretreatment 
required (apart from 
cleaning)
No No
Sandblasting 
needed to reduce 
surface roughness
Coating details depending on the deposition technique used
Comparison and selection criteria
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Goal
Higher ductility
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Halogen 
effect
no protection
Mechanical properties of oxidized GE alloy specimens after various treatments 
The best candidate: 3 μm CVD coating + PIII of fluorine
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F-implanted TiAl alloy surface may 
function as a bond coat in thermal 
barrier coating (TBC) systems, 
thereby eliminating problems 
associated with thickness 
and chemical compatibility 
of conventional bond coats
Fabrication of a thermal-barrier coating (TBC) using PIII of F as a process step
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Conclusions
• PIII of F confers marked improvement in environmental durability 
of TiAl alloys for long periods of time (6000 h) at high T (1050°C)
• The CH2F2/Ar technique is commercially viable 
• It provides efficient high-T oxidation protection of complex-geometry 
TiAl (formation of a protective alumina scale)
• No difference in surface look/finish between unimplanted and 
F-implanted TiAl material (important for the industry!) 
• Combining an Al-rich TiAl coating and PIII of F provides efficient 
long-term protection against both high-T oxidation and oxygen 
embrittlement, and maintains over 90% of the initial mechanical 
properties of the alloy
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